Abstract. Hepatocellular carcinoma (HCC) can result from hepatitis B or C infection, fibrosis or cirrhosis. Transforming growth factor-β (TGF-β) is one of the main growth factors associated with fibrosis or cirrhosis progression in the liver, but its role is controversial in hepatocarcinogenesis. In the present study, the effect of TGF-β on the HCC Huh-7 and Huh-Bat cell lines was evaluated. To study the effect of TGF-β, Huh-7 and Huh-Bat cells were treated with TGF-β and a TGF-β receptor inhibitor (SB431542). Cell survival, cell cycle, numbers of side population (SP) cells and expression of the cancer stem cell marker cluster of differentiation (CD)133, epithelial-mesenchymal transition markers (E-cadherin, α-smooth muscle actin and vimentin) and TGF-β-regulated proteins [phospho-c-Jun N-terminal kinase (p-JNK), p-c-Jun and p-smad2] were investigated. TGF-β treatment resulted in decreased cell survival with a targeted effect on SP cells. Expression of CD133 and vimentin was upregulated by treatment with the TGF-β receptor antagonist SB431542, but not with TGF-β. By contrast, TGF-β induced accumulation of cells at G0/G1, and upregulated expression of p-JNK, p-c-Jun and p-smad2. However, these effects were blocked when cells were treated with TGF-β plus SB431542, indicating the specificity of the TGF-β effect. The present results indicated that TGF-β has anticancer effects mediated by survival inhibition of cancer stem cells, which may be developed as a novel therapy for HCC.
Introduction
Hepatocellular carcinoma (HCC) is the most fatal cancer worldwide (1). Known causes of liver cancer include hepatitis B or C infection, alcohol-induced cirrhosis (2) and chronic diseases, including obesity and diabetes, which lead to liver fibrosis (3) . HCC is characterized by mixed cell types, strong resistance to chemotherapy and local (rather than distant) metastasis, all of which present challenges to effective treatment.
Transforming growth factor-β (TGF-β) has been suggested as a useful biomarker for fibrosis, cirrhosis and epithelial-mesenchymal transition (EMT) in patients with HCC (4). EMT is a predisposing factor for the development of HCC (5) and has been shown to be induced by several cytokines, including interleukins, TGF-β and interferons (6) .
TGF-β induces differentiation of embryonic stem cells, somatic stem cells and cancer stem cells (7) . In addition, TGF-β induces differentiation of quiescent hepatic stellate cells into activated cells in the liver (8) , fibrosis through extracellular matrix (ECM) deposition and HCC (9) . TGF-β binds several proteins, activates several signaling pathways and is involved in HCC progression (10) . TGF-β enhances tumor initiating ability through EMT of cancer stem cells (11) . Tumor initiating ability is a known characteristic of cancer stem cells (12) .
Cancer stem cells are characterized by resistance to anticancer drugs (13) , high sphere forming efficacy (14) , EMT (15) and specific protein expression that promotes transformation (16) . HCC stem cells express cluster of differentiation (CD)90, CD133 and CD24 (17) , and retain side population (SP) characteristics, as well as resistance to anticancer drugs (18) . In addition, liver cancer typically exhibits strong resistance to anticancer drugs, since detoxification is one of its functions (19) .
The present study focused on the effect of TGF-β on cancer stem cells in vitro. The proliferation, fraction of SP cells and expression of relevant signaling molecules were assessed following TGF-β and SB431542 treatment using Huh-7 and Huh-Bat cells as a model for HCC. Cell cycle analysis. To determine the effect of treatment on cell cycle progression, at 72 h following treatment, cell samples were harvested and fixed in 70% ethanol for 25 min. Subsequent to washing in PBS, samples were treated with 100 µg/ml RNaseA for 90 min at 37˚C, and stained with 10 µg/ml propidium iodide (PI). Flow cytometry was performed in triplicate for each experiment using a FACSCalibur (BD Biosciences).
Materials and methods

Cell
SP cell analysis. SP cell analysis was performed as reported previously (20) . Briefly, cells were detached, transferred to microcentrifuge tubes, washed in PBS and resuspended at 1x10 6 cells/ml. Samples were stained with Hoechst 33342 dye (5 µg/ml; Sigma-Aldrich; Merck KGaA) or Hoechst dye and 50-100 µM verapamil (an efflux blocker), in DMEM containing 10% FBS for 90 min at 37˚C. Following staining, samples were centrifuged for 3 min at 150 x g and 4˚C and collected for analysis of the SP fraction. PI (1 µg/ml) was added prior to analysis to identify and exclude dead cells. Samples were analyzed using a FACSAria (BD Biosciences).
Expression of CD133, E-Cadherin, α-smooth muscle actin (SMA) and vimentin.
To determine the phenotype of the cell populations following TGF-β and/or SB431542 treatment, cells were harvested and stained for CD133, E-cadherin, α-SMA and vimentin expression. Briefly, cell samples were washed twice with PBS, then fixed and permeabilized according to the manufacturer's protocol (BD Biosciences). Following centrifugation for 3 min at 150 x g and 4˚C, cells were washed and incubated for 45 min at 4˚C with anti-human CD133-APC (cat. no. 130-090-826; 1:50; Miltenyi Biotec Ltd., Bergisch Gladbach, Germany), PE anti-human E-cadherin (cat. no. 562870; 1:50; BD Biosciences), anti-human α-SMA-fluorescein isothiocyanate (cat. no. ab8211; 1:50; Abcam, Cambridge, UK) and anti-human vimentin-Alexa488 (cat. no. 562338; 1:50; BD Biosciences). Following staining, cells were washed with PBS three times, and flow cytometry analysis was performed in triplicate using FACSCalibur (BD Biosciences).
Immunoblotting. Total cell lysates were prepared in 100 µl lysis buffer (Cell Signaling Technology, Inc., Danvers, MA, USA). Protein concentrations were measured using Bio-Rad protein assay kit I, according to the manufacturer's protocol (cat. no. 5000001; Bio-Rad Laboratories, Inc., Hercules, CA, USA). Cell lysates were separated using 10% SDS-PAGE, and proteins were electrotransferred onto Hybond-enhanced chemiluminescence nitrocellulose membranes (GE Healthcare Life Sciences, Chalfont, UK). Blots were blocked for 1 h with blocking buffer (5% skim milk in TBS-tween 20) and incubated overnight at 4˚C with mouse anti-phospho-SAPK/JNK (Thr183/Tyr185; cat. no. 9251; 1:1,000; Cell Signaling Technology, Inc.), rabbit anti-phospho-c-Jun (ser63; cat. no. 2361; 1:1,000; Cell Signaling Technology, Inc.), rabbit anti-phospho-smad2 (cat. no. 8828; 1:1,000; Cell Signaling Technology), and mouse anti-β-actin (cat. no. sc47778; 1:1,000; Santa Cruz Biotechnology, Inc., Dallas, TX, USA). Blots were washed and incubated for 1 h at room temperature with peroxidase-conjugated AffiniPure rabbit anti-mouse IgG (cat. no. 315-005-003; 1:2,500; Jackson ImmunoResearch Laboratories, Inc., West Grove, PA, USA) or peroxidase-conjugated AffiniPure mouse anti-rabbit IgG (cat. no. 211-005-109; 1:2,500; Jackson ImmunoResearch Laboratories, Inc.). Labeled proteins were detected using an enhanced chemiluminescence detection system (GE Healthcare Life Sciences).
Statistical analysis. At least three replicate experiments were performed for all analyses. Data are expressed as the mean ± standard error. Student's t-tests were used to compare the results of treated and control cells. P<0.05 was considered to indicate a statistically significant difference.
Results
TGF-β treatment inhibits proliferation of Huh-7 and Huh-Bat cells.
To determine the effect of TGF-β on the survival rate of Huh-7 and Huh-Bat cells, cultures were treated with 1 µM SB431542, 1 ng/ml TGF-β or 1 µM SB431542 plus 1 ng/ml TGF-β for 72 h at 37˚C. The survival of Huh-7 and Huh-Bat cells was reduced by TGF-β treatment and this effect was blocked by 1 µM SB431542 (Fig. 1) . These results revealed that TGF-β specifically inhibited the survival of HCC cells in vitro.
TGF-β treatment induces cell cycle arrest in Huh-7 and
Huh-Bat cells. TGF-β is known to induce cell cycle arrest in several types of cancer (21). TGF-β was found to decrease the survival rate of Huh-7 and Huh-Bat cells after 72 h (Fig. 1) . To confirm the inhibitory effects of TGF-β on cell survival rate, the cell cycle was analyzed following TGF-β and SB431542 treatment in Huh-7 and Huh-Bat cells. TGF-β induced a 5% increase of Huh-7 cells in G0/G1 and an 11% increase of Huh-Bat cells in G0/G1 compared with the control; cell cycle arrest was blocked by SB431542 (Fig. 2) . These findings indicated that TGF-β reduces survival of HCC cells by induction of cell cycle arrest. and Huh-Bat cultures. To determine whether TGF-β treatment targeted cancer stem cells in Huh-7 and Huh-Bat cultures, SP cells were analyzed using Hoechst dye staining following 1 µM SB431542, 1 ng/ml TGF-β or 1 µM SB431542 plus 1 ng/ml TGF-β treatment for 72 h. TGF-β treatment reduced the proportion of SP cells, whereas SB431542 treatment increased the proportion of SP cells, and TGF-β plus SB431542 blocked the effect of TGF-β on SP cells (Fig. 3) . These results indicated that the effect of TGF-β may be specific for cancer stem cells.
TGF-β treatment reduces the number of SP cells in
Expression of CD133, E-cadherin, α-SMA and vimentin in Huh-7 and Huh-bat cells following TGF-β treatment.
To confirm the effect of TGF-β on SP cells, the expression levels of the cancer stem cell markers CD133 and epithelial mesenchymal transition markers (EMT, E-cadherin, α-SMA and vimentin) were analyzed. Expression of the cancer stem cell marker CD133 and EMT markers (E-cadherin, α-SMA and vimentin) differed depending on cell type. Huh-7 cells expressed high levels of CD133 and vimentin compared with Huh-Bat cells (Fig. 4) . However, following SB431542 treatment, expression of CD133 and vimentin was upregulated in Huh-Bat cells. By contrast, expression of these markers was similar in control and TGF-β-treated cells (Fig. 4) . The present results revealed that the expression of cancer stem cell and EMT markers was dependent on cell type, and was upregulated by blockade of TGF-β signaling.
Expression of p-JNK, p-c-Jun and p-smad2 in Huh-7 and Huh-Bat cells following TGF-β treatment.
The expression of JNK signaling molecules, including p-SAPK/JNK, p-c-Jun and p-smad2, which are all associated with protein regulation by TGF-β in Huh-7 and Huh-Bat cells following SB431542 and TGF-β treatment, was examined. p-SAPK/JNK, p-c-Jun and p-smad2 were upregulated by TGF-β treatment, which was blocked by TGF-β plus SB431542 treatment (Fig. 5) . These results indicated that TGF-β specifically upregulates proteins associated with growth inhibition that targeted the SP subpopulation. stem cells. In relevance to cancer, TGF-β has been shown to induce metastatic ability through EMT or suppress cancer cell proliferation through cell cycle arrest. In the present study, the anticancer effects of TGF-β on cancer stem cells were studied in HCC cell lines. It was hypothesized that TGF-β treatment reduces the proliferation of cancer stem cells. Therefore, proliferation, SP cell numbers and expression of cancer stem cell markers, EMT markers and TGF-β signaling molecules were evaluated following TGF-β treatment of Huh-7 and Huh-Bat cells.
TGF-β treatment decreased survival cell (specifically of the SP fraction) and upregulated expression of JNK signaling molecules. These effects were blocked by the TGF-β receptor inhibitor SB431542. Furthermore, the effect of TGF-β was through cell cycle arrest. These results are similar to those of previous studies investigating the tumor suppressive effects of TGF-β in liver cancer. Baek et al reported that TGF-β inhibited cell proliferation through cell cycle arrest (22) . Senturk et al demonstrated that TGF-β induced downregulation of p21 (Cip1) and p15 (Ink4b) and inhibited cell proliferation through cell cycle arrest in HCC cell lines (23) . In addition, Hashimoto et al identified that TGF-β inhibited cell proliferation through G2 arrest in HCC cells (24) .
With regard to TGF-β signaling molecules, TGF-β-induced upregulation of p-JNK, p-c-Jun and p-smad2 expression was observed. Hu et al reported that upregulated TGF-β/smad signaling was associated with suppression of hepatocarcinogenesis (25) . Dzieran et al also reported that TGF-β inhibited proliferation and induced apoptosis through increased smad3 activity in human HCC cell lines (26) . Park et al reported that TGF-β1 induced apoptosis through the activation of p38, JNK and caspases (27) . Suzuki et al reported that TGF-β regulated autophagy activation, which is involved in cancer progression through the smad and JNK pathways (28) . Kim et al reported that TGF-β induces apoptosis through cleavage of Bcl-2-associated death promoter in a smad3-dependent mechanism in FaO HCC cells (29) . The present results indicated that TGF-β inhibited proliferation through the activation of JNK and smad signaling.
SPs have been proposed as cancer stem cells due to their tumor initiation ability and drug resistance (18) . TGF-β was found to decrease the SP fraction through inhibition of cell proliferation. Therefore, the present results demonstrated that TGF-β treatment specifically targeted cancer stem cells in HCC cell lines. Ehata et al reported that TGF-β decreased the number of SP cells through repression of ATP binding cassette subfamily G member 2 (ABCG2) transcription, which prevented the direct binding of smad2/3 to its promoter/enhancer in gastric carcinoma cells (30) .
TGF-β is a known EMT-inducing agent in several cancers (31) . However, in the present study, TGF-β did not induce upregulation of the liver cancer stem cell marker (CD133) and EMT markers (E-cadherin, α-SMA and vimentin). This may be due to the high level of expression of EMT markers (E-cadherin, α-SMA and vimentin) in Huh-7 and Huh-bat cells. Relevant to EMT, Yin et al reported that TGF-β induced EMT but decreased SP cells and expression of ABCG2 in the breast cancer MCF7 cell line (32) . In contrast to the present results, You et al reported that TGF-β upregulated CD133 expression and increased tumor initiation ability in an HCC cell line (33). Martin et al reported that TGF-β increased the proportion of CD133 + cells in liver cancer cell lines (34). Nishimura et al reported that TGF-β induced increased proliferative capacity and drug resistance in SP cells in the hepatic tumor cell line K-251 (35) . These findings were different from the present results, and may be due to differences in culture environment and drug treatment methods.
In conclusion, the present results indicated that TGF-β may be used to specifically target SP cells through the induction of JNK signaling. This effect of TGF-β on liver cancer stem cells indicated that TGF-β requires investigation as a novel method to treat liver cancer.
